The ageing phenomenon and moisture damage become key factors to evaluate 13 mixture cracking resistance. In this paper, the effect of ageing and water on cracking 14 resistance and fatigue behavior in a bituminous mixture is studied. Specimens were 15 tested by a direct tensile test (Fénix test) to obtain fracture energy values whereas 16 variation of complex modulus and dissipated energy density was obtained by a strain 17 sweep fatigue test (EBADE test). Results show a significant reduction in cracking 18 resistance and fatigue life of the mixture after ageing (failure strain is reduced 19 approximately by 35%). Water in standard conditions has very little influence. 20
INTRODUCTION 23
Pavement distress is mainly caused by asphalt mixtures cracking [1] . From the 24 mechanical point of view, asphalt mixture cracking mechanisms can be analyzed under 25 monotonic loading at low application rates or under repeated cyclic loading lower than 26 pavement maximum resistance. The former is associated with thermal stress cracking 27 and fracture while the latter is related to failure of the surface due to traffic loading 28 (fatigue). 29
Asphalt mixture ageing is considered one of the most important factors affecting 30 cracking resistance [2] . This phenomenon brings about changes in bitumen properties 31 [3] . In particular, it is known to increase binder stiffness due to the convergence of 32 various processes during the life of asphalt mixtures [4] . These processes can be 33 in asphalt mixes start with water transport mechanisms by which water reaches the 75 interior of the material structure and culminate with the various manifestations of this 76 deterioration. Obviously, problems only occur if water penetrates into the mixture. 77
There are three main water transport mechanisms in asphalt pavement mixtures [18, 78 19, 20] : permeability, capillarity and diffusion. Permeability can be defined as the ability 79 of a porous material to allow the flow of water through its voids [21] . Capillarity is 80 defined as the elevation of a liquid above the level zero of pressure due to the total 81 ascending force produced by the attraction of the liquid molecules to a solid surface. 82
These factors depend on environmental conditions and the structure of voids in the 83 mixture. Lastly, diffusion is the process where water particles (liquid and/or vapor) 84 move through the constituent components of the mixture. 85 6 insights into the cracking resistance behavior of bituminous mixtures under different 128 environmental conditions. 129
These two tests (Fénix and EBADE) were developed to eliminate deficiencies found in 130 other tests in the literature. One of the main advantages of the Fénix test is that it gives 131 a realistic simulation of crack propagation in bituminous mixtures subjected to thermal 132 and traffic stresses. Moreover, the test is very easy to perform both Marshall 133 specimens and samples extracted from the pavement. As regards the EBADE 134 procedure, advantages over other fatigue tests include shorter test duration, use of 135 prismatic specimens to facilitate the estimation of material parameters, wide range of 136 test temperatures, realistic simulation of fatigue behavior under thermal and traffic 137 stresses and good test sensitivity to variation in parameters. 138
METHODOLOGY 139
Two tests developed by the Road Research Laboratory of the Technical University of 140 Catalonia, i.e. Fénix and EBADE tests, were applied on a dense mixture to evaluate its 141 fracture resistance and fatigue behavior under slow monotonic loading and fast cyclic 142 loading, respectively. Furthermore, the effect of ageing and moisture damage on these 143 two properties was determined. 144
The Fénix test [34] is a monotonic tensile test at constant displacement rate. A tensile 145 effort is applied on a semicylindrical specimen which is fixed in its diametral plane by 146 two steel plates attached to a loading platen (Fig. 1) . The specimen has a notch in the 147 middle of its flat side to facilitate cracking in that area. The test was conducted at a 148 constant displacement velocity of 1 mm/min and 20ºC (although it can be done at other 149 temperatures). The force applied as a function of the imposed displacement was 150 recorded throughout the test.
152

Fig. 1. (a) Fénix test and cracking of the specimen after testing, and (b) load-displacement curve
153 [35] 154
The three parameters related to mechanical and resistance characteristics of the 155 mixture tipically defined from the load-displacement curve of the Fénix test are tensile 156 stiffness index, fracture energy and toughness index. 157
where: 158 -: tensile stiffness index, kN/mm 159 -50 and 25 : 50% and 25% of the peak load, kN 160 -50 and 25 : displacement values at 50% and 25% of the peak load, mm 161 -: fracture energy during cracking, J/m 2 162 -: load, N 163 -: displacement at the end of the test, m 166 -: toughness index, J/m 2 ·mm 167 -: displacement at the peak load, mm 168 -0,5 : displacement at 50% of the post-peak load, mm 169
The EBADE test (strain sweep test) is a cyclic tension -compression test where a 170 strain sweep is performed [36] . A number of cycles are applied at a constant strain 171 level, 25 µm/mm, which is progressively increased by 25 µm/mm until failure occurs. 172
The number of cycles in each step is 5000 and are applied at a frequency of 10 Hz. 173
Specimens were tested at 20ºC (although it can be tested at other temperatures). 174
The test is conducted on a prismatic specimen with two notches in the center to reduce 175 its area in the middle section and induce failure. Strain on this area is measured by two 176 extensometers ( Fig. 2) . 177 
where equation (4) represents the strain input signal, equation (5) the stress output 183 signal, and δ the delay between them.
184
The dissipated energy density in each cycle is obtained as 185
where are the stress and strain values at each cycle. 186
The total sum of the dissipated energy densities is named cumulative dissipated 187 energy density: 188
As an illustrative example, Fig. 3 
represents dissipated energy density versus number 189
of cycles for the mixture tested at 20ºC. As the imposed strain level increases, the 190 dissipated energy increases up to a certain strain level from which it drops rapidly. 191
Failure strain is obtained as the step in which the dissipated energy decreases below 192 50% of the peak value during the test. The value "n" in equation (8) is defined as the 193 number of cycles related to this step.
195
Fig. 3. Dissipated Energy Density and strain amplitude versus number of cycles in the EBADE test
196 at 20ºC and 10 Hz [37] 197 Two dense asphalt mixtures with a maximum aggregate size of 16 mm (AC16S, 198 according to the European nomenclature) were selected to study the effect of ageing 199 and water on fatigue behavior. The selected aggregate gradation is at the center of the 200 grading envelope, see Table 1 . Both mixtures were prepared with the same type of 201 aggregate and gradation but different asphaltic bitumen, a conventional one (50/70) 202 and a polymer-modified one (PMB 45/80-65), with the characteristics shown in Table 2 . 203
The bitumen content was 4.5 % by mixture weight and mixture air voids were 3%. 204 The study was performed on four groups of specimens: unconditioned, subjected to 209 moisture damage, aged and subjected to moisture damage after ageing. At least three 210
Fénix and three EBADE tests were performed for each type of conditioning ( Fig. 4 ). 211 To simulate long term ageing, the mixture was kept loose in an oven at 85°C for 7 days. 214
During ageing, the mixture was stirred three times, on days 2, 4 and 5. The time 215 interval between agitations had to be over 24 hours. After ageing, the mixture became 216 compacted. 217
Specimens subjected to moisture damage were conditioned according to UNE-EN 218 12697-12 [31] for analysis of water sensitivity in asphalt mixes. This moisture sensitivity 219 method involves placing test samples previously subjected to vacuum at an absolute 220 pressure of 6.7 kPa for 30 min in a water bath at 40°C for 72 h. After water 221 conditioning, samples were dried at room temperature for three days and subsequently 222 tested for cracking resistance. 223 3 RESULTS AND DISCUSSION 224
Fénix test 225
The Fénix test evaluates changes in mixture cracking resistance due to external factors. 226
In this study, the effect of ageing and/or moisture damage was determined. Fig. 5 plots 227 the stress undergone by the material against displacement. A significant increase in 228 stress is observed for the aged mixture whereas the effect of moisture is hardly 229 noticeable. 230 (unaged) and aged mixture is obtained. However, the effect of water on stiffness is 235 minimal. Fracture energy, which represents the work required for crack initiation, tends 236 to increase slightly with ageing. The rise in stiffness after ageing leads to an increase in 237 the stress that the mixture can withstand, as shown in Fig. 5 . This is more pronounced 238 for bitumen 50/70 mixtures. Although the energy of PMB 45/80-65 mixtures is initially 239 higher than of bitumen 50/70 mixtures, this trend is reversed after ageing. 240 Furthermore, analysis of the effect of water shows that water causes a slight increase 241 of both stiffness and energy for unaged mixture. After ageing, the effect is the same for 242 PMB 45/80-65 mixture, but stiffness decreases slightly (and energy increases) for 243 bitumen 50/70 mixture. These results seem to indicate that mixtures subjected to 244 moisture damage have greater cracking resistance than unconditioned mixtures. At 245 medium temperatures, ageing generally results in increased stiffness, as reflected by 246 the increase in the maximum stress that the mixture can withstand. This increase leads 247 to an increase in fracture energy. Therefore, the increase in stress is higher than in 248 toughness. The effect of ageing depends on the temperature and/or type of bitumen. In 249 this study, at a test temperature of 20ºC, the effect of ageing is more pronounced in 250 bitumen 50/70 mixtures than with PMB 45/80-65 mixtures. The effect of water on 251 unaged mixtures follows this pattern, although the increase in stiffness is lower than 252 that caused by ageing. The action of hot water may cause slight ageing of the bitumen. 253
Thereby, if stiffness increases, energy also increases (a slight reduction of stiffness can 254 be observed for bitumen 50/70 mixture). For unaged mixtures, the effect of water is 255 less strong. However, it seems that stiffness in the PMB 45/80-65 mixture could 256 increase further than in the bitumen 50/70 mixture. For these reasons, the effect of 257 moisture damage on this AC16S mixture (dense, made with limestone aggregate, with 258 good adhesion and low void content) causes slight ageing [38] but not enough to cause 259 severe damage. Thus, the mixture seems to behave better. This effect fits with the 260 "washing effect" defined by Das et al. [39] , according to which the microstructure of 261 aged mixtures improves after subjecting them to the action of water. However, this 262 change in the microstructure results from the removal of products generated by the 263 ageing process by the water. This eventually reduces bitumen or mastic thickness in 264 the asphalt mixture. Consequently, degradation of the asphalt mixture owing to ageing 265 is worsened by moisture damage. For this reason, if the water immersion were longer, 266 the effect of water on the mixture would problably be completely different. However, 267 this point is not reached in the tests. 268
Fig. 6. Fracture energy (GF) versus tensile stiffness index (IRT) for all conditioning types. Fénix test 270
The toughness index assesses the fracture type (more or less ductile) of the mixture. A mixtures is similar to that of slight ageing, i.e. insufficient to damage the mixture. 282
Energy and toughness increase with the increase in stiffness and stress, leading to 283 some improvement in mixture behavior. However, the effect of water on toughness 284 after ageing, when the mixture is damaged, is hardly noticeable. 
. Toughness index (IT) versus tensile stiffness index (IRT) for all conditioning types. Fénix test 287
EBADE test 288
The EBADE test results are presented. Fig. 8 shows the variation in stress for the 289 unconditioned mixture and after being subjected to moisture damage, aged, and 290 subjected to moisture after ageing for all strain steps applied. For the same strain level, 291 stress values are higher for aged mixtures (subjected or not to moisture damage). 292
These differences in stress values are more notable for bitumen 50/70 mixtures. When 293 these mixtures are subjected to ageing, stress values tend to fall sharply after 294 
303
EBADE test
304
The evolution of modulus during the test is represented in Fig. 9 . The set of curves 305
shows the progressive deterioration of mixtures during fatigue. The initial modulus of 306 aged mixtures subjected or not to moisture damage is significantly higher than that of 307 unconditioned mixtures or those subjected to moisture damage. 308
A variance analysis of the effect of conditioning and bitumen on the initial modulus was 309 conducted. A stadistically significant effect on the initial modulus was obtained F(7,19) 310 = 41.14, p<0.05, η 2 =0.94. The comparison of values indicates that there are statistically 311 significant differences between unconditioned and aged bitumen 50/70 mixtures t(4) = -312 4.94, p <0.05 and PMB 45/80-65 mixtures t(4) = -8. 39, p<0.05. 313 Moreover, the modulus of aged mixture (or aged and subjected to moisture damage) 314 tends to remain constant during the first strain steps. By contrast, the modulus of 315 unconditioned mixtures decreases progressively with the number of cycles. Above a 316 certain strain level, the modulus tends to decrease sharply, thus explaining the 317 differences in brittle behavior of the aged and unaged mixtures, which is similar to the 318 toughness behavior obtained from Fénix test. 319
The effect of ageing on bitumen 50/70 mixture is stronger than on PMB 45/80-65 320 mixture. On the other hand, the PMB 45/80-65 mixture exhibits more ductile and less 321 brittle behavior. 
327
EBADE test
328
From the dissipated energy density curve (Fig. 10) , the mixture fatigue failure criterion 329 is defined as the strain level at which the dissipated energy is reduced to half its 330 maximum value. According to this criterion, failure of mixtures, unconditioned or 331 conditioned, manufactured with the two bitumens, occurs for the strain values in Table  332 3. Failure of the mixtures subjected to the action of water is similar or very similar to 333 that of unconditioned (unaged or aged) mixtures. However, failure of aged mixtures 334 decreases significantly compared to that of unconditioned mixtures. It changes from 335 0.000257 mm/mm to 0.000175 mm/mm for the bitumen 50/70 mixture, and from 0.0005 336 mm/mm to 0.00035 mm/mm for the PMB 45/80-65 mixture. 337 Fig. 10 also shows how the two unaged mixtures accumulate much more dissipated 338 energy during the fatigue process than aged mixtures. Once energy begins to 339 decrease in each cycle, it takes several strain steps before failure of unaged mixtures 340 occurs whereas aged mixtures fail faster. 341
The comparison of mixtures also reveals that the PMB 45/80-65 mixture dissipates 342 more energy than the bitumen 50/70 mixture. Moreover, several strain steps are 343 needed to failure after ageing whereas the bitumen 50/70 mixture normally fails after a 344 single strain step. 345 responses of the mixture subjected to moisture damage, aged in laboratory, and then 377 subjected to moisture damage were evaluated and compared with those of the 378 unconditioned mixture. 379
Fig. 10. Dissipated Energy Density versus number of cycles for all conditioning types (a) 50/70 and
Toughness index and dissipated energy in the study of the mixture fracture were 380 assessed by Fénix test. Ageing results in higher stiffness and lower toughness, thus 381 increasing brittleness. However, the effect of water is minimal, even with slight 382 increases in stiffness, energy and toughness. This may be due to the fact that water 383 immersion conditions are not aggressive enough for this type of mixture (dense, made 384 with limestone aggregate, with good adhesion and low void content). Water leads to 385 slight ageing of the mixture, which apparently improves its response. 386
The mixture degrades gradually during fatigue testing, resulting in lower stiffness 387 (modulus) with the number of cycles. In unaged mixtures, the initial modulus decreases 388 progressively with the number of cycles. In aged mixtures, the much higher initial 389 modulus decreases sharply from a certain level of strain, reflecting the brittle behavior 390 of mixtures due to ageing. Furthermore, cumulative dissipated energy density 391 decreases in aged mixtures, which means that they are capable of dissipating less 392 energy during the fatigue process. Likewise, failure strain decreases significantly, and 393 consequently, the number of cycles that the mixture withstands decreases too. As with 394 Fénix, EBADE test shows few differences between mixtures subjected or not to 395 moisture damage. 396
Variations in stiffness, toughness or failure strain of mixtures due to the action of water 397 are relatively small compared to variations of these parameters before and after ageing composition and mix design properties can become decisive factors in their cracking 400 response to external factors. 401
The use of different types of bitumen for the same mixture may condition fracture and 402 fatigue responses. The PMB 45/80-65 mixture has a better performance against ageing 403
and moisture damage since it shows lower brittleness and greater failure strain than 404 the bitumen 50/70 mixture. 
